Neural circuits in the spinal cord transform instructive signals from the brain into well-coordinated locomotor movements by virtue of rhythm-generating components. Although evidence suggests that excitatory interneurons are the essence of locomotor rhythm generation, their molecular identity and the assessment of their necessity have remained unclear. Here we show, using larval zebrafish, that V2a interneurons represent an intrinsic source of excitation necessary for the normal expression of the locomotor rhythm. Acute and selective ablation of these interneurons increases the threshold of induction of swimming activity, decreases the burst frequency, and alters the coordination of the rostro-caudal propagation of activity. Thus, our results argue that V2a interneurons represent a source of excitation that endows the spinal circuit with the capacity to generate locomotion.
Neural circuits in the spinal cord transform instructive signals from the brain into well-coordinated locomotor movements by virtue of rhythm-generating components. Although evidence suggests that excitatory interneurons are the essence of locomotor rhythm generation, their molecular identity and the assessment of their necessity have remained unclear. Here we show, using larval zebrafish, that V2a interneurons represent an intrinsic source of excitation necessary for the normal expression of the locomotor rhythm. Acute and selective ablation of these interneurons increases the threshold of induction of swimming activity, decreases the burst frequency, and alters the coordination of the rostro-caudal propagation of activity. Thus, our results argue that V2a interneurons represent a source of excitation that endows the spinal circuit with the capacity to generate locomotion.
central pattern generator | premotor interneurons | motor behavior | synaptic transmission T he generation of motor behavior involves decision making, selection, initiation, and execution (1) (2) (3) (4) (5) (6) (7) (8) (9) . The spinal cord acts as an interface to process descending commands from the brain and sensory inputs from the periphery (5, 8, (10) (11) (12) (13) (14) (15) (16) . Many insights into the organization and function of circuits underlying motor behavior have been gained from studies of spinal networks controlling locomotor movements (6, 13, (17) (18) (19) (20) (21) (22) (23) (24) . The basic locomotor activity requires the interplay of ipsilateral excitatory drive and crossed inhibition, which ensures the alternating pattern between the two sides of the spinal cord. Whereas inhibitory interneurons ensure the coordination of motoneurons controlling antagonistic muscles, excitatory interneurons are believed to represent the core components for the generation of the locomotor rhythm.
Determining the identity of the interneurons at the origin of excitation necessary for the normal generation of locomotor activity is central for understanding the principles of organization and function of locomotor circuits. However, the molecular identity of these excitatory interneurons has remained unclear. A prominent class of excitatory interneurons is the V2a interneurons, defined by Chx10 expression and derived from the p2 progenitor domain with homologous counterparts across vertebrate species (21, (25) (26) (27) . In larval zebrafish and newborn mice, V2a interneurons have been shown to project to motoneurons and to be recruited in a frequency-dependent manner (28) (29) (30) (31) (32) . These properties are consistent with the possibility that this class of interneurons represents a source of excitation within the spinal locomotor circuit.
In newborn mice, however, genetic elimination of V2a interneurons has been reported to have little effect on the rhythmic output of the locomotor circuits induced by pharmacological means (33, 34) . The absence of tangible effects on the excitability of the locomotor circuit in the absence of V2a interneurons led to the conclusion that these interneurons are not essential for rhythm generation, but they help to stabilize the rhythm and activate commissural pathways that maintain left-right coordination (33) (34) (35) . Therefore, the source of ipsilateral excitation contributing to the generation of the locomotor rhythm is still unclear.
Here we investigate the contribution of V2a interneurons to rhythm generation in the spinal locomotor network using acute and specific ablation in zebrafish. We show that elimination of V2a interneurons increases the induction threshold of swimming activity by electrical and pharmacological stimulation. When swimming was elicited, the duration of the swimming episodes and the burst frequency were significantly reduced by ablation of V2a interneurons. In addition, the propagation of the activity wave along the rostro-caudal body axis was significantly slowed down. Our findings define V2a interneurons in zebrafish as one source of excitation in the spinal locomotor network: they contribute to the normal generation of swimming activity, set its baseline frequency range, and define the coordination of the rostro-caudal propagation of activity. Thus, these interneurons endow the spinal network with important features that are compatible with a role in locomotor rhythm generation.
Results

V2a Interneurons Represent a Source of Excitation in the Spinal
Circuit. V2a interneurons provide monosynaptic excitatory input to motoneurons and are rhythmically active during swimming in embryonic and larval zebrafish (28, 31) . To test directly whether these interneurons are important for producing swimming activity, we used a photoablation technique. For these experiments, we used transgenic zebrafish in which GFP expression is driven by the Chx10 promotor, which selectively labels V2a interneurons (28) . V2a interneurons were ablated across 10 segments in the midbody region using a two-photon laser microscope (Fig.  1A) . In most experiments, ∼30% of V2a interneurons (15 of 50 GFP-labeled interneurons) in each of the 10 segments were specifically ablated ( Fig. 1 B and C) and the success of the ablation was confirmed by confocal scanning of the spinal cord before and after ablation ( Fig. 1 B and C) . We further tested the possible unspecific damage of neighboring neurons following ablation of V2a interneurons. In these experiments, motoneurons were backfilled by injection of rhodamine dextran in muscles of larval zebrafish expressing GFP in V2a interneurons. Motoneurons remained unaffected by ablation of neighboring V2a interneurons (Fig. 1D) , indicating that the ablation does not induce secondary damage in adjacent neurons.
Swimming activity was compared between controls and animals in which V2a interneurons were ablated. To induce swimming, a glass stimulation electrode was placed at the level of the otic vesicle and the motor activity was monitored by recording peripheral nerves in the ablated region and in a more caudal segment ( Fig. 2A) . In control animals, threshold stimulation (T; 5-20 μA; mean = 15 ± 2 μA) induced a bout of swimming activity characterized by a propagating wave of activity from rostral to caudal segments (Fig. 2B) . In animals in which ∼30% of V2a interneurons were ablated, threshold stimulation did not elicit any rhythmic activity in the peripheral nerves ( Fig. 2 C and D) . To induce swimming activity, higher stimulation intensities (∼6 × control threshold; 50-150 μA; mean = 86 ± 2 μA) were required (Fig. 2E) . Furthermore, the duration of the swimming bout was significantly shorter (P < 0.001) in zebrafish with V2a ablation and amounted to 0.35 ± 0.04 s (n = 12) compared with 0.65 ± 0.07 s (n = 12) in control (Fig. 2F) .
To determine the effect of V2a ablation on the excitability of the spinal locomotor circuit, we analyzed the cumulative distribution of the swimming frequencies, which was shifted toward lower values in animals with V2a interneuron ablation (Fig. 2G ). In control, the burst frequency ranged between 16 and 94 Hz with the half-maximum frequency of 43.5 Hz (n = 12). After ablation of V2a interneurons, the frequency ranged between 7 and 61 Hz and the half-maximum frequency significantly decreased to 27.9 Hz (n = 12) (P < 0.005; two-sample Kolmogorov-Smirnov test; Fig. 2G ). We also examined the effect of V2a ablation on the left-right alternation pattern during swimming. In the five animals tested, ablation of V2a interneurons did not affect the phase relationship between the activity of the motor nerves on the left and right sides.
In some experiments, 10% of V2a interneurons (5 of 50 GFPlabeled interneurons) per segment were ablated across 10 segments. In these animals, threshold electrical stimulation induced a significantly shorter bout of swimming activity (0.43 ± 0.04 s; P < 0.05; n = 5) with a mean burst frequency of 36.7 ± 3.5 Hz (n = 5), which was not significantly different (P > 0.05) from control, which had a mean frequency of 45.4 ± 4.2 Hz (n = 12; Fig. 2H ). The mean frequency in animals with 30% of V2a interneurons ablated was 26.8 ± 2.3 Hz, which was significantly different from that of control animals (P < 0.001; Fig. 2H ). We then tested whether ablation of dorsally located V2a interneurons, known to be recruited only at high frequency swimming or escape (28) (29) (30) (31) , preferentially affects fast swimming frequencies. Ablation of dorsal V2a interneurons (∼15% per segment) decreased the peak frequency from 58.5 ± 5.2 Hz to 46.1 ± 3.2 Hz (P < 0.05; n = 8; Fig. 2I ) without affecting the steady-state frequency (control = 34.1 ± 3.8 Hz; V2a ablation = 31.7 ± 1.6 Hz; P > 0.05; n = 8; Fig.  2I ). Ablation of dorsal V2a interneurons did not significantly affect the duration of the swimming episode (0.64 ± 0.11 s; n = 8). These results together indicate that V2a interneurons contribute to excitatory drive in the spinal locomotor circuit.
V2a Interneurons Generate Swimming Activity. The above results show that V2a interneurons are important for normal activity of the swimming circuit. Although V2a act as premotor interneurons and are likely to activate other interneurons (28), they could also serve as a relay of descending inputs to the swimming circuit without any direct involvement in rhythm generation (33) . To test this possibility, the descending input was substituted with pharmacological activation by NMDA to provide a tonic excitatory drive sufficient to activate the swimming circuit in the spinal cord. In these experiments the animals were spinalized and two concentrations of NMDA (75 and 100 μM) were tested in control and in fish with ∼30% of V2a interneurons ablated. In control, application of NMDA (75 μM; n = 7) induced swimming activity, which was monitored by recording motor nerves in two different segments along the rostro-caudal axis (Fig. 3A) . The locomotor activity consisted of repetitive swimming bouts, which are characteristic of larval zebrafish (Fig. 3B) (36) (37) (38) . Application of a higher NMDA concentration (100 μM; n = 7) increased the duration of the swimming bouts (Fig. 3C ). In animals with V2a interneuron ablation (Fig. 3D) , application of the lower NMDA concentration (75 μM; n = 7) failed to induce any rhythmic activity in the motor nerve recorded in the region of the ablation and only elicited feeble activity in the more caudal "intact" region (Fig. 3E) . In these animals, swimming activity was induced only by the higher NMDA concentration and in most experiments only in the segments caudal to the site of ablation of V2a interneurons (100 μM; n = 7; Fig. 3F ). In three of seven preparations, swimming activity was also recorded in the rostral motor nerve located in segments where V2a interneurons were ablated. The burst frequency induced by the higher NMDA concentration (100 μM) was 18.0 ± 0.6 Hz (n = 7) in control and was significantly lowered (P < 0.05) to 14.8 ± 1.0 Hz (n = 7) in animals with V2a ablation (Fig. 3G) . These results show that the ability to induce swimming activity by NMDA was decreased by ablation of V2a interneurons and even when swimming was elicited, the burst frequency was reduced, suggesting that they are not only relaying descending inputs.
Change in Swimming Is Not the Result of Unspecific Ablation of
Neurons. The two-photon laser ablation allows for targeting specific neurons without affecting neighboring ones. However, the decrease in excitability of the spinal circuit could still be the result of the ablation of neurons per se and not the consequence of the specific elimination of V2a interneurons. To rule out this possibility, we ablated glycinergic interneurons by using transgenic zebrafish with GFP expression driven by the promoter of the glycine transporter 2 (GlyT2) (31) . The same number of glycinergic interneurons (i.e., 15 neurons) was ablated over the same number of segments (10 segments) as for the V2a interneurons (Fig. 4A ). Threshold stimulation at the level of the otic vesicle in animals with GlyT2 interneuron ablation elicited a bout of swimming activity (n = 8; Fig. 4B ). The duration of the swimming bout induced by electrical stimulation in animals with GlyT2 interneuron ablation was similar to that in control (GlyT2 bout duration: 0.75 ± 0.1 s; n = 8; Fig. 4D ). The cumulative distribution of the burst frequency was also similar to that of control animals with a half-maximum frequency of 43.6 Hz (range: 16-93 Hz; n = 8; Fig. 4E ).
Similar to control (Fig. 3B) , application of the lower concentration of NMDA (75 μM; n = 6) was able to elicit repetitive swimming bouts in animals with GlyT2 ablation (Fig. 4C) . Ablation of the GlyT2 interneurons had an influence on the onset and pattern of swimming. In these animals, the time to the onset of swimming activity was shortened and the activity usually switched to continuous swimming with prolonged NMDA application (75 μM; n = 6). These results indicate that an ablation of glycinergic interneurons has little impact on the excitability of the spinal locomotor circuit. Thus, the increase of the threshold to trigger swimming activity after ablation of V2a cannot be attributed to the ablation per se but rather to the specific elimination of this class of excitatory interneurons.
V2a Interneuron Ablation Changes the Intersegmental Coordination.
The propagation of the wave of activity from rostral to caudal segments with a constant phase lag is an important characteristic of swimming. This characteristic is mediated by intersegmental coordination mechanisms that ensure the precise propagation of activity along the different segments of the spinal cord. V2a interneurons are likely to contribute to the intersegmental coordination, because they have descending axons projecting over several segments, allowing them to relay excitatory drive along the rostro-caudal axis (28, 39) . To test this possibility, we examined the delay between swimming bursts in the rostral and caudal parts of the animal using auto-and cross-correlation analysis (Fig. 5A) .
In control animals, there was a constant delay between the activity of the rostral (auto-correlation, red curve) and the caudal (cross-correlation, blue curve) motor nerve with a phase lag per segment of 2.3 ± 0.1% of the cycle duration (n = 7; Fig. 5 B and E). Ablation of V2a interneurons increased the delay of activity between the rostral (red curve) and caudal (blue curve) motor nerves, resulting in a significant increase of the phase lag per segment to 4.1 ± 0.5% (P < 0.05; n = 7; Fig. 5 C and E) . Ablation of GlyT2 interneurons, on the other hand, did not affect the rostro-caudal delay during swimming (phase lag per segment = 2.5 ± 0.3%; P > 0.05; n = 6; Fig. 5 D and E) . These results show that the specific ablation of V2a interneurons not only altered the threshold activation of the spinal swimming circuit, but it also affected the intersegmental coordination.
Discussion V2a Interneurons as a Source of Excitatory Drive Within the Locomotor
Circuit. Neural circuits in the spinal cord transform command signals from the brainstem into well-coordinated locomotor patterns that drive the sequence of activation of muscles to produce motion. The ability of spinal circuits to generate the locomotor rhythm emanates from the existence of an intrinsic source of excitability that sets the activity tone of the constituent neurons of these circuits. The molecular identity of the excitatory interneurons underlying the locomotor rhythm has been unclear (6, 18, 22) . Our analysis now suggests that V2a interneurons represent a possible source of excitation that contributes to generating swimming activity. Even a partial ablation of the V2a interneuron population produces major changes. It affects the threshold for initiation of locomotion, decreases the swimming frequency, and modifies the rostro-caudal delay.
A similar decrease in the excitability was also seen when swimming activity was induced by activation of NMDA receptors, indicating that it is due to a change in the level of excitability of the spinal circuit rather than a perturbation of integration of descending inputs. The propagation of activity along the rostro-caudal axis of the spinal cord was also altered by ablation of V2a interneurons. These interneurons do indeed project their axons caudally (28, 39) , which allows them to participate in the coordination of activity across the different segments to mediate the undulatory swimming movement. Thus, our results identify V2a interneurons in zebrafish as an intrinsic source of glutamatergic excitation within the spinal circuit, which contributes to the generation of locomotion and the coordination of its propagation across different segments.
Linking Connectivity and Function of V2a Interneurons in the
Locomotor Circuit. In embryonic and larval zebrafish, V2a interneurons have been divided into two classes dependent on whether they are activated during strong (escape) or weak (swimming) locomotor activity (28, 40) . The former make monosynaptic connections with both primary and secondary motoneurons (28, 41) , whereas the latter are presumed to project only to secondary motoneurons (28) . V2a interneurons seem to be organized into different circuits to produce locomotor movements at different speeds (21, 23, 24) . They thus appear to play an important role for the generation of locomotor activity in zebrafish; however, a direct assessment of their involvement in the generation of rhythm in the spinal circuit has been missing.
The connectivity of V2a interneurons in zebrafish is reminiscent of that previously described in the swimming circuits of lamprey and tadpoles (7, 17, 23, (42) (43) (44) . Recent evidence in rodents showed the existence of an anatomical substrate for connections between V2a interneurons and motoneurons (45) (46) (47) (48) . On the basis of their connectivity scheme and activity during locomotion (28, 31, 32, 49, 50) , V2a interneurons have been suggested to serve as the main source of on-cycle excitation and represent the prime candidates for excitatory interneurons at the core of the locomotor generating circuit (6, 19, 22) . However, elimination of V2a interneurons in mice did not induce any obvious defects that could link these interneurons to the rhythm-generating circuits (33, 34, 51) . These interneurons seem to be preferentially activated at faster locomotor frequencies and excite commissural interneurons to ensure the alternating pattern of activity on both sides of the body (32) (33) (34) . In newborn mice, the little impact of the genetic elimination of V2a interneurons on drug-induced rhythm generation capacity of the spinal cord was considered to imply that this class of interneurons is not essential for normal rhythm generation. It is, however, possible that the organization of the locomotor network is different between zebrafish and mice. V2a interneurons may have acquired a different role in the mouse compared with zebrafish and seem to be mostly involved in ensuring left-right alternation at high locomotor frequency (33, 34, 51) . In addition, the generation of the rhythm underlying locomotion in mice could involve overlapping classes of interneurons and elimination of one of these classes (i.e., V2a interneurons) is not sufficient to prevent the normal expression of the rhythmic activity in the spinal circuits (6, 18, 22) .
V2a Interneurons as a Part of the Rhythm Generation Circuit in
Zebrafish. Several lines of evidence support the possibility that V2a interneurons are a source of excitation that contributes to the generation of the locomotor rhythm. First, their ablation increases the threshold to trigger swimming activity by electrical stimulation and pharmacologically. Second, even when the spinal circuit generated swimming activity, the range of burst frequencies was always shifted toward lower values compared with control. Third, in many preparations, swimming activity could be expressed only by the segments caudal to the ablation sites, suggesting that in these cases the elimination of V2a interneurons impaired the ability of rhythm generation.
V2a are premotor interneurons that could also relay descending inputs to the rhythm generation circuit in the spinal cord. If this were the case, their ablation should indeed disrupt the generation of swimming activity induced by electrical stimulation, but it should not affect NMDA-induced locomotion. The latter should provide sufficient excitatory drive to compensate for the absence of descending inputs and trigger the locomotor rhythm and thus bypass any upstream relay interneurons. The generation of the locomotor rhythm was not only disrupted in the region of the spinal cord where V2a interneurons were ablated, but the threshold for its expression by NMDA was increased in the intact part with a significant decrease in the burst frequency. Alternatively, V2a interneurons could only serve as last-order interneurons conveying a rhythmic pattern generated by an upstream circuit. However, this cannot account for the change in the burst frequency during swimming induced by either electrical stimulation or NMDA. Our results are incompatible with a role of V2a interneurons as merely conveying descending activity to the rhythm generation circuit or as last-order premotor interneurons. Overall, the impact of V2a ablation on the excitability of the spinal swimming circuit expressed as a decrease in burst frequency combined with an increase in its activation threshold argue that this interneuron class contributes to the excitability of the locomotor circuit in zebrafish.
Experimental Procedures
Zebrafish Lines and Care. All experimental protocols were approved by the animal research ethical committee, Stockholm. Zebrafish were raised and kept according to established procedures in a core facility at the Karolinska Institute. Two transgenic zebrafish lines were used (Chx10:GFP and GlyT2: GFP) and were described previously. All experiments were carried out in 4-to 5-d-old transgenic larval zebrafish at room temperature (∼22°C).
Backfilling of Motoneurons. Motoneurons were backfilled in anesthetized larval zebrafish with 0.03% tricaine methanesulfonate (MS222; SigmaAldrich) and tetramethylrhodamine dextran (3000 MW, Invitrogen) was injected into the muscles. The animals were left to recover for 1-2 h and to allow the retrograde transport of the tracer to motoneuron somata.
Laser Ablation of GFP-Labeled Interneurons. Larval zebrafish were first anesthetized and then transferred to the ablation chamber, embedded in 1.5% low-melt agarose and covered with zebrafish extracellular solution, containing 0.03% MS-222. The chamber was then placed under the confocal microscope (LMS 510; Carl Zeiss). A total of 10, 15, or 30% of GFP-labeled V2a interneurons per segment was photoablated individually using a two-photon laser (wavelength 800 nm) over 10 segments in the midbody region of the animal.
Zebrafish Preparations. The fish were anesthetized in 0.03% MS-222 in extracellular solution and then pinned down using tungsten pins placed through the notochord in a Sylgard-lined recording chamber. The skin was removed from both sides of the body with fine forceps before the fish were paralyzed with 6.25 μM α-bungarotoxin (Sigma-Aldrich) for 10 min. The larvae were placed dorsal side up to monitor left-right alternating activity during swimming or the rostro-caudal propagation of activity. The preparation was then perfused with extracellular solution for 15 min before the start of the experiment.
Electrophysiology. Extracellular recordings were performed from the motor nerves running through the intermyotomal clefts from two segments either opposite to each other or along the rostro-caudal axis of the fish. Swimming activity was induced by electrical stimulation or by application of NMDA. For electrical stimulation, a glass electrode was placed at the level of the otic vesicle and current stimulation. The stimulation intensity was gradually increased until a bout of swimming activity could be reliably elicited.
Data Acquisition and Analysis. Data were digitized and recorded on a personal computer. Data analysis was performed using correlation analysis in Spike2 (Cambridge Electronic Design). All values are given as mean ± SEM. Unless otherwise stated, the significance of differences of means between experimental groups and conditions was analyzed using Student's t test. Means were considered statistically significant at P values of <0.05.
